Introduction
The production of municipal sludge and animal manures is increasing yearly in the United States, resulting in the need for new, innovative disposal solutions. The key to this problem is finding reuse options for the wastes that are valuable to the producer. Options such as fertilizer, synthetic coal, and landfill cover for alkaline-treated municipal biosolids are viable, but do not hold the market value necessary to be sustained as products. The use of manures as fertilizer sources high in nitrogen and phosphorus is beneficial, but the production rates generally exceed the amount necessary for application. A very cost-effective alternative in the field of value-added products is that of activated carbon. Current commercial carbons are manufactured from sources such as coal and coconut shells, both of which are expensive and less accessible in the United States than agricultural byproducts.
The use of agricultural byproducts, such as pecan shells, rice hulls, and sugarcane bagasse, as alternative sources for carbon is an emerging field based on their promising performance and low cost. These carbons were assessed for the adsorption capabilities of metals and organics uptake and were found to be comparable with commercial-grade carbons (Ahmedna et al., 2000; Johns et al.. 1998 : Toles et al., 1999 . The use of human and animal waste, as opposed to plant waste, as alternative sources of activated carbon has only recently been investigated (BilitewSki. 1979 : Chen et al.. 2002 : Chiang and You, 1987 : Jeyaseelan and Qing. 1996 : Lima and Marshall. 2005 Martin et at.. 1996 : Rozada et al., 2003 , Tay et al., 2001a and 2001b .
A major difference between plant-based carbons and human or animal waste-based carbons is the large ash fraction found in the carbons made from human or animal waste. This difference arises from the composition of the starting material. Plant material consists largely of cellulose, hemicellutoSe, and lignin and typically contains less than 5% minerals, such as calcium, magnesium sodium, and potassium. Municipal sludge and animal manures are highly heterogeneous mixtures of digested foodstuffs and minerals, which originate from the diet or external sources. When activated carbon is produced from these materials, the minerals are concentrated in the carbons and could potentially pose an adsorption/desorption problem when these carbons are used.
Another significant difference between plant-based carbons and those from animal and human waste lies in the surface areas of the carbons and their mechanisms of adsorption. The plant-based carbons tend to have high surface areas (500 to 1500 m 2 /g) (Wagner and Jula, 1981) , with functional groups such as carboxyl, hydroxyl, carbonyl, anhydride, ether-type, lactone, and lactal (Ahmedna et al.. 2000) . Plant-based carbons are extremely effective at adsorbing organic molecules, such as those responsible for taste and odor issues in drinking water. However, these carbons are not known for their ability to adsorb metal cation and/or anions, unlike those from animal sources (Lima and Marshall, 2005) . Carbons from animal based sources, such as manure and municipal sludge, have a lower surface area, and not much is know about their mechanism of adsorption. Several factors point toward a mechanism that is different from that found in plant-based carbons, such as their high affinity for metal cations and their complex elemental composition.
The objective of this study was to determine whether virgin carbons made from municipal sludge or poultry manure release or leach both select cations and anions from the mineral or ash fraction at different pH values and to determine whether these carbons could effectively be regenerated after adsorption of select cations and anions from the virgin carbons. The metals analyzed were selected based on their importance as environmental contaminants and representation of various metals groups.
Materials and Methods

Materials.
The municipal sludge cake was obtained from the Morgan Cit y Wastewater Treatment Plant, Morgan City. Louisiana, where it was spread and dried indoors on plastic sheeting for Water Environment Research, Volume 78, Number 12 ABSTRACT: The conversion of municipal sludge and poultry manure to activated carbon results in a significant ash fraction that contains several different anions and cations. The objectives of this study were to determine whether the select ions are released or leached from virgin carbon into the sorption medium at different pH values. Activated carbon was placed in solutions of pH I 5, or 7, and the leaching of six cations (cadmium, chromium, copper, nickel, lead, and zinc) and two anions (arsenate and selenate) was recorded. Considerable quantities of zinc and copper were removed at pH 1 from all carbon sources. However, the amounts leached at pH 5 10 days. The final moisture content of the sludge cake was 10 to 15%. Poultry litter and poultry cake were obtained from the U.S. Department of Agriculture, Agriculture Research Service (USDA-ARS), Poultry Research Unit, Starkville, Mississippi, and, as collected, had moisture contents of 25 to 30%.
The metal cations, consisting of cadmium (Cd 2 ). chromium (Cr3 ). copper (Cu 2+), lead (Ph 2 ). nickel (Ni 2 ), and zinc (Zn2), and non-metal anion complexes, consisting of arsenic (As 5+ as arsenate) and selenium (Se 6 as selenate), used in this study were obtained from Fisher Scientific in a SPEX CertiPrep Plasma Emissions Standard Kit (ICP-KIT-2) (Fisher Scientific, Pittsburgh, Pennsylvania). Each metal was suspended in 2% nitric acid (HNO3) and certified at 1000 mg/L.
Drying and Pelletization. Municipal sludge cake, broiler litter, and broiler cake were dried to a moisture content of less than 10% and milled in a Retsch cross-beater mill (Glen Mills. Clifton, New Jersey) to a particle size of less than US 20 mesh (0.85 mm). At this stage, samples of sludge and the two manures were sent to an outside laboratory (Central Analytical Laboratories, Metairie, Louisiana) for elemental analysis of total carbon, nitrogen, phosphorous, and sulfur. The same laboratory also determined ash and moisture content. The remainder of the municipal sludge, broiler cake, and broiler litter was brought to a moisture level of 20 to 35% by mixing the dried samples with water in a ribbon blender. Moisture content was monitored using a Sartorius Moisture Analyzer model MA 51 (Sartorius, Brentwood, New Jersey). The samples were pelletized in a PMCL5 laboratory pellet mill (California Pellet Mill, Merrimack, New Hampshire) equipped with a 5-mm die plate. The pellets produced were cylinders of 5-mm diameter and 5-mm length.
Pyrolysis and Activation. Pelletized municipal sludge, broiler cake, and litter were placed in a ceramic evaporating dish and then placed in a bench furnace equipped with a retort (Lindberg/Blue M. Waterton. Wisconsin). Pellets were pyrolyzed in batches of 350 g each at 700°C for 1 hour under a flow of nitrogen gas set at a flowrate of 0.1 m 3/h. Steam activation involved injecting water at a flowrate of 3 mL/min, using a peristaltic pump, to a flow of nitrogen gas entering the heated retort. Pyrolyzed chars were activated at 800°C for 45 minutes. The optimum activation conditions were determined from previous studies using copper adsorption rates and Brunauer Emmett Teller surface area analysis (Lima and Marshall, 2005) . Activated carbons were allowed to cool to room temperature (approximately 25°C) overnight in the retort. The samples, approximately 70 g each depending on the percent yield of the carbon, were then rinsed with deionized water through a 250-pm (60-mesh) sieve and stirred for I hour at 200 rpm in 3 L of 0.1 M hydrochloric acid (HCI). The carbon was rinsed again with deionized water through the 250-pm sieve and placed in 3 L deionized water. This rinsing process was repeated three times. At that time, a small sample of the carbon was placed in a solution of 0.08 M lead nitrate [Pb(NO 3 )] to determine whether inorganic ash remained on the surface of the carbons. If precipitation occurred, the acid wash/rinsing process was repeated until no precipitate formed. The sample was then rinsed again with deionized water, placed in a preweighed crystalline dish, and dried overnight in a vacuum oven at 80°C. This material is referred to as virgin carbon. The virgin carbon was evaluated for percent yield, bulk density, and surface area according to the methods described by Lima and Marshall (2005) . Percent ash was determined by heating 2-g samples of the carbons to 650°C for 6 hours under a flow of breathing air in a retort-equipped bench furnace. Sample weights were recorded and the heating process repeated again to ensure that constant sample weights were obtained.
A sample of the dried virgin carbon with the raw material was sent to an outside laboratory (Central Analytical Laboratories, Metairie, Louisiana) for digestion, and elemental analysis was performed at the U.S. Department of Agriculture. Agriculture Research Service, Southern Regional Research Center (New Orleans, Louisiana) (USDA-ARS-SRRC), using inductively coupled plasma (ICP) spectrometry with a dual-view Leeman Laboratory Profile ICP-atomic emission spectrometer (AES) (Leeman Labs, Hudson, New Hampshire).
Before the leaching and adsorption/desorption studies described below, the carbon was ground and sieved to less than 45-pm particle size to ensure a consistent product. The carbon was evaluated in the powdered form to achieve faster ion diffusion rates than with the original pellets.
Leaching Study. In this study, carbon that had been treated with 0.1 M HCI, then washed in deionized water, as described above (virgin carbon), was placed in either acid (0.1 M HCI) at pH 1, deionized water adjusted with 2% HNO 3 to pH 5, or deionized water adjusted with 0.1 M sodium hydroxide (NaOH) to pH 7. For the experiments. 0.25 g of each carbon was added to 25 mL of each solution pH. The samples were conducted in triplicate. The samples were stirred at 300 rpm for 4 hours.
Adsorption/Desorption Study. A solution was prepared with approximately 10 mg/L (10 ppm) of each metal from the Spex CertiPrep Plasma Emissions Standard Kit and adjusted to pH 5 with 0.1 M NaOH. After pH adjustment, the solution was filtered through a 0.22-pm pore size Millipore filter (Millipore. Bedford, Massachusetts) to remove any precipitated cations or anions. Samples were taken of the filtrate to determine initial concentrations of the nonprecipitated metals. The filtrate was divided into three beakers. with 100 mL in each beaker. Approximately I g municipal sludge carbon, poultry cake carbon, or poultry litter carbon was added to each beaker. The pH was measured on each sample and adjusted to pH 5. if necessary. The samples were then stirred at 400 rpm for 4 hours. Three replicate samples were taken of the filtrate to determine the amount of individual cations and anions adsorbed by the different carbons. The pH of each beaker was recorded, and the samples were individually filtered through Whatman (Florham Park, New Jersey) #42 filter paper (2.5-pm pore size) to retain the carbon for desorption. The filters with the carbon were then placed in an 80°C vacuum oven. After 24 hours, the filters were removed from the vacuum oven and the carbon removed and weighed. For the carbon recovered from the filters, 0.4 g of each carbon was added to two beakers, one containing 40 mL distilled water at pH 7 and the other containing 40 mL of 0.1 M HCI at pH 1. These samples were stirred at 400 rpm for 4 hours. Aliquots from both beakers were drawn off in a disposable syringe and filtered through a 0.22-pm-pore-size Millipore filter. The samples were diluted 1:100 by volume with 2% Ultrapure, ICP-grade HNO 3 (Ultrex, Mallinckrodt Baker Inc.. Phillipsburg, New Jersey) and analyzed by ICP spectrometry using a dual-view Leeman Laboratory Profile ICP-AES.
Results
Sample Characterization. Municipal sludge-based and broiler litter-and cake-based carbons were evaluated for yield, bulk density, total surface area, ash content, along with total carbon, phosphorus, nitrogen, and sulfur. These results are given in Table I . The elemental analysis shows more total carbon in the poultry cake and litter than the municipal sludge. Sludge also had the lowest level of total carbon in the activated carbon product. Nitrogen content was considerably lower in the carbon samples compared with the sludge or manure. These results point out the loss of nitrogen during pyrolysis and activation. In contrast, phosphorus levels increased when sludge and manure were converted to activated carbon. Phosphorus was probably not volatilized during pyrolysis and activation and was concentrated during the reduction in mass concomitant with carbon formation. Interestingly, carbons made from poultry cake had over 50% more phosphorus than carbons from sludge and poultry litter. Sulfur content changed very little during pyrolysis and activation, except in the municipal sludge. Apparently, volatilization of sulfur containing compounds is somewhat balanced by the concentration of these compounds during pyrolysis and activation. The percent yield of activated carbon was higher for the sludgebased carbon than for both broiler manure carbons. Bulk densities were similar, although the carbon made from broiler litter showed a somewhat lower bulk density than the other carbons. Surface areas were considerably higher for the broiler manure carbons than for the municipal sludge carbon. This is a result of the higher elemental carbon content of the manures compared with the sludge. The ash content of the manure-based carbons was high and is the result of ash content in the manure of approximately 20% (Lima and Marshall. 2005) . with subsequent concentration of the ash fraction during pyrolysis and activation. It should also be noted that the ash content of the municipal-based carbon was equally as high and can be attributed to the same cause.
From the elemental analysis on the poultry manures and municipal sludge, it should be noted that copper and zinc are present at significantly higher levels compared with the other metals examined (Table 2) . These results are in contrast to an elemental analysis of plant-based carbons, such as made from coconut shell, white oak, and coal, whereby copper and zinc concentrations were at or below the detection level for our instrumentation as were the other elements examined (data not shown).
Leaching Study. For the ion release or leaching study. amounts of the eight metals of interest that existed in the ash fraction of the carbons were determined. It should be noted that other ions, such as calcium and magnesium, which were not determined by this study, could also have an effect on the leaching or release process.
Results from the leaching study are shown in Figure I . Considerably more copper and zinc than other select metals were released under highly acidic conditions (pH 1) from all three carbons. The copper levels reached 1.0 mg/g carbon for the municipal sludge carbon and 1.6 mg/g carbon for the poultry manure carbons. Zinc release was slightly less for the poultry manure carbons, with 0.4 mg/g carbon for the poultry litter and 1.1 mg/9 carbon for the poultry cake. The municipal sludge carbon released more zinc than the other two, with 1.8 mg/g carbon. The broilerbased carbons released significant amounts of nickel ion also (0.3 mg/g carbon). Cadmium and chromium were observed at the smallest concentrations in each carbon.
At pH 5, a much smaller amount of each ion was released into solution. The highest concentration observed was zinc ion in the municipal sludge-based carbon (0.3 mg/g carbon) and nickel ion in the broiler litter-based carbon (0.2 mg/g carbon). Only residual amounts of the other ions were observed in solution, and, in many cases, various cations and anions could not be detected.
At pH 7, even less ion was present than at pH 5. Some residual zinc ion was still released from the sludge-based carbon (less than 0.2 mglg carbon). In almost all cases, no ions were detected in solution from the broiler litter and broiler cake carbons. The pH of the solution played a significant role in the amount of metal and nonmetal ions that were released from the three carbons.
AdsorptionIDeSOrPt iofl Study. In this study, adsorption of the eight select ions was conducted using the metals solution containing 10 mg/L (10 ppm) of each metal at pH 5 followed by the analysis of desorption of those metals under acidic and neutral conditions. These results are found in Figure 2 .
In the adsorption part of the study, the municipal sludge carbon adsorbed an average of 0.30 mg/g of arsenic, cadmium, and lead and an average of 0.20 mg/g of chromium, copper, and selenium. Nickel adsorption was less than 0.05 mg/g. With regard to zinc, the amount remaining in solution after the adsorption run was greater by approximately 2 mgIL (or 0.20 mg/g of zinc leached from the carbon) than the initial concentration. Once the adsorption run was completed, the carbon was placed in two beakers, one with 0.lM HCI and the other with deionized water (pH 7). Under acidic 
Fitzmorhs et al. conditions, the municipal sludge carbon released significant amounts of copper and zinc, 1.22 and 1.52 mg/g, respectively. Zinc was not adsorbed at all by the carbon; therefore, any amounts noted were from the initial release and not from subsequent desorption. Compared with the levels that were adsorbed, the municipal sludge carbon released 6 times more copper than was adsorbed, and nickel was released at over 2.5 times the level that was adsorbed. At pH 7, the amount of desorption was significantly lower; all ions were desorbed at less than 0.1 mg/g. Overall, the majority of the ions adsorbed were desorbed efficiently at pH <1. Cadmium was the only ion of those tested that did not achieve 100% recovery in acid with a recovery of approximately 80%.
In the adsorption phase of the study, the poultry litter carbon exhibited significant adsorption of cadmium, chromium, copper, lead, nickel, and zinc (>50C/c adsorption). Approximately 0.56 mg/g (>84%) each of cadmium and zinc were adsorbed, which was the highest adsorption of the metals in the study. Of the remaining metals, 52% of nickel was adsorbed, equivalent to 0.35 mg/g. Arsenic and selenium were adsorbed at levels of 0.07 mg/g (15%) and 0.17 mg/g (24%), respectively. Figure 2 -Adsorption of select cations and anions followed by desorption from carbons sourced from (a) municipal sludge, (b) poultry litter, and (c) poultry cake at pH < 1 in acid and at pH 7 in water (data presented represent the means of triplicate samples where the standard error is less than 5% of the mean).
Under acidic conditions, the poultry litter carbon released greater than 100% of all metal ions adsorbed, with the exception of selenium (90% released). In the case of copper. approximately 9 times the amount adsorbed was released in the acid solution. Under neutral conditions in water, ion release was less than 0.05 mg/g.
The poultry cake carbon adsorbed 60% or more of cadmium, copper, lead, nickel, and zinc in solution. As with the poultry litter carbon, cadmium and zinc adsorption was the highest. at 0.58 (88%) and 0.57 mg/g (96 17(). respectively. Those ions with the lowest adsorption levels were arsenic and selenium (0.11 mg/g or 24 11c and 0.13 mg/g or 33%), as with the poultry litter carbon.
Under acidic conditions, the desorption levels of the poultry cake carbon were very similar to those of the poultry litter carbon. However, the levels of cadmium, copper, and zinc were slightly higher than those exhibited by the poultry litter carbon. Copper released greater than 10 times the adsorbed amount, and zinc released greater than 4 times the adsorbed amount. Again, selenium was the only ion that desorbed less than 100% of the amount both of which are in raw wastes at high levels. It seems that the pyrolysis and activation of the waste only proves to concentrate the metals. Also, the carbons were acid-washed following pyrolysis and activation; however, this was done while the carbon was in pellet form and had not yet been milled to a much smaller particle size of <45 ljrn , which could increase penetration of acidic hydrogen ions or basic chloride ions into the carbon particle. Studies are currently being conducted to examine these possibilities.
The desorption study showed the ability of the carbons to be successfully regenerated. This is an important factor in the commercial applications of activated carbon. In most cases, 100% or greater of the metals adsorbed were released in an acid solution; again, copper and zinc released at the highest levels. It is also important to note that the carbons released little, if any, metal ions under slightly acidic (pH 5) or neutral (pH 7) conditions. Disclaimer: Mention of names of companies or commercial products is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture over others not mentioned. adsorbed at 45%. Under neutral conditions, all metals released were at levels of 0.02 mglg or less.
Discussion
As shown in the leaching study, the carbons released significant amounts of copper and zinc under highly acidic conditions. Other metals and arsenic and selenium were released also, but in much lower concentrations, because of the low initial concentrations of these elements. This observation indicates that a high concentration of hydrogen ions from the acid displace metal ions residing in the carbons. However, the question remains as to whether the carbons would perform even better if acid washing were conducted to a greater extent, for example, until all metals are removed, leaving more sites available for adsorption. On the other hand, there is the possibility that extensive acid washing and removal of these excess metals would affect the chemistry of the carbons, thereby reducing their adsorption efficiencies. This would be the case if the adsorptive capacity of the carbons were based on functional groups, such as phosphate or sulfate, that could potentially be removed by the acid solution.
Also to be noted are the types of metals released by the carbons in the leaching study. When the broiler litter-or broiler cake-based carbons were placed in an acid solution of pH 1, the two metals released at the highest concentrations were copper and zinc. This was not surprising, considering the high levels of these metal ions in the feedstock (Table 2) . High feedstock concentrations likely arise from feeding broiler chickens these metals as nutritional supplements. Because excess copper and zinc are secreted in the feces, there probably is overdosing of the broilers with these metals and their subsequent elimination of the excess. In the municipal sludge carbon, the metals leached were also copper and zinc. In this case, the presence of these metals in the municipal sludge may be attributed, in part, to pipes in collection systems (i.e.. copper pipes and zinc-coated [galvanized] iron pipes).
In the adsorption/desorption studies, essentially quantitative adsorption took place of copper and zinc ions in the broiler manure-based carbons, even though the previous leaching study showed high concentrations of these metal ions already present in these carbons. Apparently, broiler litter and broiler cake carbons have a high capacity for copper and zinc ions. As noted above, removal of endogenous metals before using the broiler manurebased carbons as adsorbents could significantly increase their adsorption capacity. Also of interest is the adsorption of the anions arsenic as arsenate and selenium as selenate. Their mechanism of adsorption and desorption would be different than for the metal cations. Their release in the presence of low pH (pH 1) would not be a result of the presence of protons, but could be a result of the high concentration of chloride ion (Cl-). supplied by the HC1, which could displace these anions. Also, a high percentage of these anions were desorbed after adsorption. This observation may indicate the dual desorbing nature of HCI, because this acid readily supplies both a competing cation, in the form of hydrogen ion, and a competing anion, in the form of chloride ion.
Conclusions
The leaching study revealed that care must be exercised when using waste as a source of activated carbon because of the presence of metals in the waste itself. The leaching of metals from the virgin carbon, however, was only noted at significant levels when placed in an acid solution and not at neutral pH levels where carbon is typically used. The metals of concern proved to be copper and zinc,
